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Bearded family genesAmong developmental control genes, transcription factor-target gene “linkages” – the direct connections be-
tween target genes and the factors that control their patterns of expression – can show remarkable evolu-
tionary stability. However, the speciﬁc binding sites that mediate and deﬁne these regulatory connections
are themselves often subject to rapid turnover. Here we describe several instances in which particular tran-
scription factor binding motif combinations have evidently been conserved upstream of orthologous target
genes for extraordinarily long evolutionary periods. This occurs against a backdrop in which other binding
sites for the same factors are coming and going rapidly. Our examples include a particular Dpp Silencer Ele-
ment upstream of insect brinker genes, in combination with a novel motif we refer to as the Downstream El-
ement; combinations of a Suppressor of Hairless Paired Site (SPS) and a speciﬁc proneural protein binding
site associated with arthropod Notch pathway target genes; and a three-motif combination, also including
an SPS, upstream of deuterostome Hes repressor genes, which are also Notch targets. We propose that
these stable motif architectures have been conserved intact from a deep ancestor, in part because they me-
diate a special mode of regulation that cannot be supplied by the other, unstable motif instances.
© 2011 Elsevier Inc. All rights reserved.Introduction
It is now well recognized that changes in transcriptional cis-
regulatory elements, particularly those that direct the expression of
developmental control genes, represent a fundamental mechanism
underlying animal evolution (Davidson, 2006; Wray, 2007). Such
cis-regulatory novelties have been shown to confer both loss (Chan
et al., 2010; Jeong et al., 2008; Prud'homme et al., 2006) and gain
(Gompel et al., 2005; Prud'homme et al., 2006; Rebeiz et al., 2011)
on a gene's repertoire of expression speciﬁcities. But cis-regulatory
evolution is not restricted to the generation of major alterations in
gene activity. Even orthologous enhancer modules that drive very
similar patterns of expression in two species can differ enormously
in their cis-regulatory architecture — the number, order, spacing,
and orientation of their component transcription factor binding sites
(Hare et al., 2008; Ludwig et al., 2000; Markstein et al., 2004;
Romano and Wray, 2003; Swanson et al., 2011).
In this context, it is important to distinguish between a transcrip-
tion factor-target gene “linkage” – the direct regulatory connection
between factor and target – and the speciﬁc binding site instances
that mediate and deﬁne this connection. A transcriptional regulatorynces/CDB, UC San Diego, 9500
Fax: +1 858 822 3021.
).
iversity of Pittsburgh, Pittsburgh,
rights reserved.linkage might be quite stable evolutionarily even as the relevant
binding sites are turning over.
We have previously suggested that transcriptional linkages that
confer abstract or generic developmental regulatory capabilities, of gen-
eral utility to all metazoans, might be expected to be retained for espe-
cially long evolutionary periods (Rebeiz et al., 2005). We described one
such example, the direct transcriptional repression of genes encoding
proneural basic helix-loop-helix (bHLH) activator proteins by bHLH
repressor factors of the Hairy/Enhancer of split (Hes) class. We found
that bilaterian proneural genes belonging to both the achaete-scute
and atonal classes (representing an ancient division that predates the
cnidarian–bilaterian divergence) are consistently associated with a
high-afﬁnity binding site for a Hes repressor, suggesting that this link-
age might be more than 500 million years (My) old. The generic ability
to shape spatial patterns of proneural gene expression by direct repres-
sion would in principle be valuable regardless of the speciﬁc nature of a
given species' nervous system, and we suggested that this might be the
basis for the long-term maintenance of this regulatory linkage. To our
surprise, we also saw evidence in this phylogenetic study that not
only was the Hes repressor-proneural gene linkage being retained in
evolution, but that in some cases the speciﬁc binding site itself was
also conserved over very long periods (Rebeiz et al., 2005).
Here we investigate the evolutionary history of two other transcrip-
tional regulatory linkages involving developmental control genes. Insect
genomes include a single gene encoding the transcriptional repressor
protein Brinker, which plays an important role in regulating other genes
that are targets of the Decapentaplegic (Dpp) signaling pathway
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subject to repression in response to Dpp signaling (Muller et al., 2003).
This is mediated by cis-regulatory motifs upstream of brk known as Dpp
Silencer Elements (SEs) (Pyrowolakis et al., 2004),whichbind a tetramer-
ic complex that includes the transcription factors Mothers against dpp
(Mad), Medea (Med), and Schnurri (Shn) (Gao et al., 2005). Remarkably,
the brk gene in some species is associated with multiple SEs; the fruit ﬂy
Drosophila melanogaster has 11, while the mosquito Anopheles gambiae
has 12, leading to the suggestion that this architecture has been evolu-
tionarily conserved (Yao et al., 2008). We show here that other species
have only a single SE upstreamof their brk ortholog. Moreover, we have
identiﬁed in nine species representingﬁve insect orders a unique SE up-
stream of brk that is not only unusually related between species but is
also uniquely associated with a novel motif we refer to as the Down-
stream Element (DE). We propose that this SE+DE motif combination
has been conserved from a common insect ancestor, even as the num-
ber of other SEs upstreamof brk has been changing rapidly in evolution.
The second regulatory linkage we have analyzed involves target
genes of the Notch cell–cell signaling pathway (Bray, 2006; Fiuza
and Arias, 2007). Suppressor of Hairless [Su(H); CBF1 in vertebrates]
functions as the transducing transcription factor for this pathway. In
the absence of signaling through the Notch receptor, Su(H) acts to
repress Notch target genes. Activation of the receptor leads to the
cleavage of its intracellular domain (NICD), which enters the nucleus
and forms a trimeric complex with Su(H) and the co-activator protein
Mastermind (Mam); this complex now transcriptionally activates the
formerly repressed targets.
The known repertoire of Notch pathway targets in both protostomes
and deuterostomes includes genes encodingmembers of theHes family
of bHLH transcriptional repressor (bHLHR) proteins (Bailey and
Posakony, 1995; Jarriault et al., 1995; Lecourtois and Schweisguth,
1995). These factors function to inhibit the expression of genes associat-
ed with cell fates that are antagonized by Notch signaling. Arthropods
also have a second class of Notch targets, the Bearded (Brd) family
genes (BFMs) (Bailey and Posakony, 1995; Fontana and Posakony,
2009; Lai et al., 2000; Nellesen et al., 1999). The Notch ligands Delta
and Serrate require mono-ubiquitination of their ICDs by the E3 ligase
Neuralized (Neur) in order to be active in signaling (Le Bras et al.,
2011). In cells that receive and respond to Notch signals, Brd proteins
act as competitive inhibitors of the Neur-ligand binding interaction,
thereby preventing ligand activation (Bardin and Schweisguth, 2006;
Fontana and Posakony, 2009). This helps keep Notch responder cells
from themselves becoming effective signalers, thus ensuring the de-
sired directionality of the signaling event.
Su(H) typically binds to its targets via one ormore occurrences of an
eight-nucleotide motif (Tun et al., 1994), but a small subset of target
genes are associated with a special regulatory element known as the
Su(H) Paired Site (SPS) (Bailey and Posakony, 1995; Nellesen et al.,
1999). This consists of two high-afﬁnity binding sites in opposite orien-
tations, typically separated by 15–17 base pairs. Bymediating the coop-
erative binding of two Su(H)/NICD/Mam trimers, the SPS drives an
especially sensitized response to low levels of Notch signaling (Arnett
et al., 2010; Nam et al., 2007; Ong et al., 2006). We show that an SPS
motif is associated with certain orthologousHes repressor and Brd fam-
ily genes that last had a common ancestor hundreds of millions of years
ago. In each instance, the SPS is consistently accompanied by speciﬁc
binding sites for one or more other key regulatory factors. As with the
insect brk SE+DE motif combination, we propose that these SPS-
containing motif ensembles are ancestral and have been conserved for
extraordinarily long evolutionary periods.
Why might a subset of the binding motifs that constitute the cis-
regulatory architecture of a developmental control gene be conserved
from a deep ancestor, while other motifs are changing freely in evolu-
tion? We extend our earlier proposal to include not only the principle
of the linkage's utility to a diverse range of organisms, but also the
concept that these ancestral and conserved motifs mediate specialmodes of transcriptional regulation that are not conferred by other
binding sites, even for the same factor or factors.
Materials and methods
Genome sequences
The following genome sequences were utilized in this study:
D. melanogaster (Adams et al., 2000); A. gambiae (Holt et al., 2002);
Aedes aegypti (Nene et al., 2007); Apis mellifera (Honeybee Genome
Sequencing Consortium, 2006); Bombyx mori (International
Silkworm Genome Consortium, 2008; Mita et al., 2004); Tribolium
castaneum (Tribolium Genome Sequencing Consortium, 2008);
Nasonia vitripennis (Werren et al., 2010); Rhodnius prolixus (http://
genome.wustl.edu/genomes/view/rhodnius_prolixus/); Acyrthosiphon
pisum (International Aphid Genomics Consortium, 2010); Mayetiola
destructor (http://www.hgsc.bcm.tmc.edu/); Pediculus humanus corporis
(http://www.vectorbase.org/); Daphnia pulex (Colbourne et al.,
2011); Homo sapiens (Venter et al., 2001); Xenopus tropicalis
(Hellsten et al., 2010);Danio rerio (http://www.sanger.ac.uk/); Gallus
gallus (International Chicken Genome Sequencing Consortium, 2004);
Strongylocentrotus purpuratus (Sea Urchin Genome Sequencing
Consortium, 2006); Saccoglossus kowalevskii (http://www.hgsc.bcm.
tmc.edu/); Branchiostoma ﬂoridae (Putnam et al., 2008); Amphimedon
queenslandica (Srivastava et al., 2010); Trichoplax adhaerens
(Srivastava et al., 2008); Nematostella vectensis (Putnam et al., 2007);
and Acropora digitifera (Shinzato et al., 2011).
Gene annotation and ﬁgure preparation
Gene structure annotation, detection of transcription factor bind-
ing motifs, and gene diagram ﬁgure preparation was carried out
using the GenePalette software tool (Rebeiz and Posakony, 2004)
(www.genepalette.org).
Hierarchical clustering analysis
A total of 32 Dpp Silencer Element (SE) motifs conforming to the
original GRCGNCN5GTCTG deﬁnition (Pyrowolakis et al., 2004) were
detected upstream of brk in the nine insect species shown in Fig. 1A.
Sequence relationships between the motifs were investigated bymul-
tiple alignment using ClustalX version 2.1 (Larkin et al., 2007); the
resulting phylogenetic tree was displayed using NJplot version 2.3
(Perriere and Gouy, 1996).
Logo plots
Sequence logo plots were generated using WebLogo version 2.8.2
(Crooks et al., 2004).
Comparison of sequence information content
A total of 42 SEmotifs conforming to themodiﬁedGNCKNCN5GTCTG
deﬁnition suggested by Yao et al. (2008)were detected upstream of brk
in the nine species shown in Fig. 1A. Ten of these belong to the “special”
subset. To compare the information content of the “special” subset to
that of the remaining 32 motif instances (“other”), we inventoried the
D. melanogaster genome sequence (version R5/dm3) for all occurrences
of themodiﬁed SEmotif in noncoding regions; 1251were found. The se-
quence information content (SIC, uncorrected for small sample size) of
1000 randomly chosen sets of 10 and 1000 randomly chosen sets of
32 (all drawn from the 1251 genomic instances) were computed, and
the mean SIC values of these sets were then compared to those of the
“special” (10) and “other” (32) subsets, respectively.
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To conﬁrm that our identiﬁcation of conserved sequence motifs
upstream of Hes and BFM genes is substantially complete, we made
use of the San Diego Supercomputer Center (SDSC) implementation
of MEME (Bailey and Elkan, 1994) (http://meme.sdsc.edu/).Transgene construction
A wild-type GFP reporter transgene bearing the “E+SPS+P” en-
hancer module from upstream of the A. gambiae Brd family gene (Ag
BFM-GFP) was constructed as follows. A 1.0-kb genomic DNA fragment
covering−37 to−1037 upstream of Ag BFM was PCR-ampliﬁed using
the following primers: Fwd: 5′-gaattcCTCTGAATAGCGCAAAACACAACA-
CAATCGCAGGAC-3′ and Rev: 5′-ctcgagCCGACCCCGACCCCGACCCTTTC-
CACG-3′ (lowercase letters represent added EcoRI and XhoI restriction
sites, respectively). The fragment was inserted into the multiple cloning
site of the insulated P-element transformation vector pH-Stinger (Barolo
et al., 2004). Mutant versions of this reporter transgene were prepared
by changing the single proneural protein binding site (P) fromGCAGGTG
to GAAGCTT (Van Doren et al., 1992) (Ag BFM-Pm-GFP and Ag BFM-
UmPm-GFP) and/or by changing the two Su(H) binding sites (U) in the
SPS (of the form YGTGGGAA) to YGTGGCAA (Bailey and Posakony,
1995) (Ag BFM-Um-GFP and Ag BFM-UmPm-GFP).
The brk enhancer module “7/8/9” described by Yao et al. (2008)
was ampliﬁed by PCR from genomic DNA using the following
primers: Fwd: 5′-gcatgcTATATACATGGGGTGGCATGAGCATGTGCG-3′
and Rev: 5′-ggcgcgccCCACAAGGCGCTAGAACGAGATGGCGCACA-3′
(lowercase letters represent added SphI and AscI restriction sites, re-
spectively). Following sequence veriﬁcation, the fragment was intro-
duced into the multiple cloning site of the attB-H-Stinger GFP
reporter vector (S.W. Miller, UC San Diego, unpublished; further in-
formation available upon request). The single Downstream Element
(DE) in the 7/8/9 module was mutated by changing the wild-type se-
quence GCAACGTTGCCACTT to TCAACTTGGACCCTG.Generation of transgenic ﬂy lines
Wild-type andmutant versions of theAg BFM-GFP enhancer-reporter
construct were introduced into the w1118 recipient strain via P element-
mediated germline transformation (Rubin and Spradling, 1982).
Wild-type and mutant versions of the brk 7/8/9 enhancer-reporter
construct were introduced into the genome using the ϕC31-integrase
system (Bischof et al., 2007). The recipient strain carries an attP dock-
ing site on the third chromosome (attP2 site at 68A4) and the nanos-
ϕC31 integrase gene on the X chromosome (Stock #25710, Blooming-
ton Drosophila Stock Center). Multiple independent insertion lines
were obtained for both the wild-type and DEm versions. Integration
events were conﬁrmed by PCR according to Venken et al. (2006).Fig. 1. A Silencer Element (SE)+Downstream Element (DE) cis-regulatory motif combinati
and its upstream non-coding sequences in representatives of various insect orders. Blue box
Arrows denote direction of transcription and are positioned at either the transcription start
region between brk and the next upstream gene is shown. Dpp Silencer Elements (Yao et a
motif combinations are shown in red. Lower-case “s” upstream of Rp brk denotes single-bas
notes single-base mismatch to the D motif deﬁnition (see C for alignment). Other single-bas
ner. Dm, Drosophila melanogaster (Diptera); Ag, Anopheles gambiae (Diptera); Aa, Aedes aegyp
Apis mellifera (Hymenoptera); Nv, Nasonia vitripennis (Hymenoptera); Ap, Acyrthosiphon pisu
set (upper, 10 occurrences) and all “other” SE motifs (lower, 32 occurrences) upstream of th
subset in both unconstrained (5, 8, 10, 12–14) and partially degenerate (7) positions within
The “special” subset has an uncorrected sequence information content of 30.35 bits, far high
drawn from the non-coding portion of the ﬂy genome (see Materials and methods). By cont
compared to a mean of 18.62 bits for 1000 randomly chosen sets of 32 SE motif instances. C: S
two occurrences in Ag, actual distances between SEs and the corresponding DEs are shownTissue preparation, antibody staining, and confocal microscopy
Wing imaginal discs from late third-instar larvae and nota from
pupae at 14 h after puparium formation (APF) were dissected in
PBT (1X PBS, 0.1% Triton-X 100) and ﬁxed in 4% paraformaldehyde
(in PBT) for 30 min at room temperature. Discs were washed in PBT,
mounted, and imaged using a Leica TCS SP2 confocal microscope.
Nota were ﬁrst stained with anti-Hnt (monoclonal, Developmental
Studies Hybridoma Bank) primary antibody and Alexa 555 (Molecular
Probes) secondary antibody before mounting. Confocal average projec-
tions were generated with Z-axis sections at 2-μm (discs) or 1-μm
(nota) intervals using Leica Confocal Software version 2.5 (Leica Micro-
systems). To compare ﬂuorescence between wild-type and DEm brk 7/
8/9 enhancer-reporter constructs,wingdiscs of the two genotypeswere
processed side-by-side and imaged using the same gain.Results
Conservation of a unique Dpp Silencer Element upstream of insect
brinker genes
The 16.6-kb intergenic region upstream of the D. melanogaster brk
gene (Fig. 1A) includes no fewer than nine instances of the original
GRCGNCN5GTCTG deﬁnition of the SE motif (Pyrowolakis et al.,
2004) and 11 occurrences of the modiﬁed motif GNCKNCN5GTCTG
suggested by Yao et al. (2008). Based on their thorough analyses
using reporter transgenes in vivo, Yao et al. (2008) concluded
that these 11 SE motifs probably correspond to nine or ten dis-
tinct cis-regulatory modules, each of which, by integrating activa-
tor and SE inputs, contributes independently to the brk expression
pattern.
Their identiﬁcation of 12, 11, and 11 SE sites upstream of brk in
Drosophila pseudoobscura (23 kb), Drosophila virilis (24 kb), and the
mosquito A. gambiae (95 kb), respectively, prompted Yao et al. to sug-
gest that this unusual cis-regulatory organization is evolutionarily
conserved. However, a different picture emerges when the brk up-
stream regions of other insects are examined (Table 1; Fig. 1A). The
20 kb upstream of brk in B. mori (silk moth) and the 8.5 kb of up-
stream sequence in A mellifera (honeybee) each include three original
SE motifs (Bombyx has four matches to the Yao et al. site deﬁnition).
In both T. castaneum (red ﬂour beetle) and A. pisum (pea aphid), the
brk upstream region (4.1 kb and 31 kb, respectively) contains only a
single occurrence of either SE motif. And while another mosquito
(A. aegypti) has 311 kb of intergenic sequence upstream of brk, this
very large region includes only three and six instances of the original
and the Yao et al. SE motifs, respectively, and only one and two in-
stances, respectively, in the ﬁrst 200 kb upstream. Thus, even if we as-
sume that all of these motif occurrences represent functional SEs in
vivo, the presence of large numbers of them is not a shared character-
istic of insect brk genes.on is a shared feature of insect brk genes. A: Annotated scale diagrams of the brk gene
es represent brk protein coding sequences; white boxes represent untranslated regions.
site or the start codon of the gene. Except in the case of Ag and Aa, the entire intergenic
l., 2008) are indicated by “S”; Downstream Elements are denoted by “D”. Shared S+D
e mismatch to the S motif deﬁnition; lower-case “d” upstream of Ag, Nv, and Ap brk de-
e mismatches to either motif are omitted. Sequence scale indicated in upper right cor-
ti (Diptera); Bm, Bombyx mori (Lepidoptera); Tc, Tribolium castaneum (Coleoptera); Am,
m (Hemiptera); Rp, Rhodnius prolixus (Hemiptera). B: Logo plots of the “special” SE sub-
e insect brk genes shown in A. Note the additional sequence constraint in the “special”
the motif, as well as in ﬂanking positions (3, 20, 21), compared to that in the “other” set.
er than the mean of 21.01 bits for 1000 randomly chosen sets of 10 SE motif instances
rast, the “other” subset has an uncorrected sequence information content of 20.43 bits,
equence alignment of the SE+DEmotif combinations shown in red in A. Except for the
. D: Logo plot of the DE motifs associated with the 10 “special” SEs (see A, C).
Table 1
SE and DE motif occurrences upstream of insect brinker genes.
Speciesa Upstream (kb)b #oSEc #mSEd #DEe SE+DE motif
combination(s)f
Dm 17 9 11 1 2xSEg+DE
Ag 95 8 12 2 SE+DE, 2xSEg+DEmmh
Aa 311 3(1)i 6(2)i 1 SE+DE
Bm 20 3 4 1 SE+DE
Tc 4.1 1 1 1 SE+DE
Am 8.5 3 3 2 SE+DE
Nv 12 3 3 2 mmh SE+DEmmh
Ap 31 1 1 1, 5 mmh,j SE+DEmmh,j
Rp 17 1mmh 1mmh 1 SEmmh+DE
a Species symbols are as listed in the legend to Fig. 1.
b Indicates the size of the intergenic region upstream of brk, based on current ge-
nome annotations.
c Number of Dpp Silencer Elements (SE) upstream of brk, using the original (o)
GRCGNCN5GTCTG motif deﬁnition (Pyrowolakis et al., 2004).
d Number of Dpp Silencer Elements (SE) upstream of brk, using the modiﬁed (m)
GNCKNCN5GTCTG motif deﬁnition (Yao et al., 2008).
e Number of Downstream Elements (DE; GCN3GTTGCCRY) upstream of brk.
f Nature of SE+DE motif combination(s) found.
g Dm and Ag both have two closely spaced SEs associated with a DE (Dm) or a DEmm
(Ag); see Fig. 1A.
h One-base mismatch (mm) to the motif deﬁnition.
i Shown in parentheses is the number of SEs within the ﬁrst 200 kb upstream of brk.
j Ap has one exact match to the DE motif deﬁnition, not associated with its single SE;
the SE is associated with a single-base-mismatch DE motif (see Figs. 1A, C).
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we asked if it was possible to discern any exceptional similarity be-
tween brk-associated SE motifs in the different species that might
be suggestive of site orthology. Indeed, using ClustalX for hierarchical
motif clustering, we identiﬁed ten SE motifs from nine species that
comprise a distinct subset of the total ensemble of occurrences (see
Fig. S1). First, these ten sites deﬁne an unusually constrained version
of the SE motif (Fig. 1B). Signiﬁcant information content is evident at
three positions ﬂanking the motif (3, 20, and 21 in Fig. 1B), while two
partially degenerate and several fully unconstrained positions within
the motif show strong (8, 10, 12, 13) and even complete (5, 7, 14) se-
quence bias. By contrast, the remaining 22 (32 by the Yao et al. deﬁ-
nition) SE motif occurrences upstream of brk in the nine species
contain little more information than that embodied in the motif def-
initions (Fig. 1B) (Pyrowolakis et al., 2004; Yao et al., 2008).
A second and unique characteristic of this distinctive SEmotif class
is the presence, at a variable but typically quite short distance down-
stream from the SE, of a novel sequence we refer to as the Down-
stream Element (DE) (Figs. 1A, C, D). The DE is always found in the
same orientation with respect to the SE, regardless of the SE's orienta-
tion with respect to the direction of brk transcription (see Fig. 1A).
With the exception of A. gambiae brk, no brk gene includes more
than one SE+DE combination, even when the more relaxed Yao
et al. (2008) SE deﬁnition and single-base mismatches to the DE deﬁ-
nition (GCN3GTTGCCRY) are both permitted. Thus, in each species
(again, Anopheles being the sole exception), the single sequence-
constrained SE motif described above is paired uniquely with a DE.
The nine species we have considered in our analysis represent ﬁve
insect orders (Diptera, Lepidoptera, Coleoptera, Hymenoptera, and
Hemiptera). That the brk upstream region in each species includes
a single SE (Anopheles has two) that is both a member of the
sequence-constrained set and uniquely associated with a DE is likely
to be highly signiﬁcant both evolutionarily and functionally. Particu-
larly noteworthy is the observation that the single SE found upstream
of brk in three species (Tribolium, Acyrthosiphon, and Rhodnius) is in
each case a member of this special set. We suggest that this phenome-
non represents the long-term evolutionary conservation of an ancestral
SE+DE unit that, by comparison to other SE motif occurrences, confers
a unique regulatory functionality.The brk Downstream Element (DE) functions in activation
The long-term conservation of the DE motif upstream of insect brk
genes strongly implies its functionality, and we sought to test this ex-
pectation directly. Yao et al. (2008) showed previously that a 784-bp
region upstream of Drosophila brk that includes three SEs drives a pat-
tern of lacZ reporter expression in the wing imaginal disc similar to
that of endogenous brk (Fig. 1A; Fig. 2). The DE of Drosophila brk lies
adjacent to the middle SE in this fragment (see Figs. 1A, C; Fig. 2A).
We compared the activities of reporter transgenes in which GFP ex-
pression is driven by either wild-type or DE-mutant versions of the
fragment (Fig. 2). We ﬁnd that, while their spatial patterns of GFP ac-
tivity in imaginal discs appear very similar, the DE-mutant reporter
(Figs. 2F–H) is expressed at a much lower level than the wild-type re-
porter (Figs. 2B–E). This result implies that the conserved DE does in-
deed have a functional role in the transcriptional activation of brk
expression in this tissue.
Long-term evolutionary conservation of SPS-containing cis-regulatory
architectures upstream of Notch pathway target genes
In previous reports, we have described the utilization of a “P+S”
cis-regulatory code by genes that are activated via Notch signaling
during lateral inhibition in proneural clusters (Bailey and Posakony,
1995; Castro et al., 2005; Nellesen et al., 1999; Singson et al., 1994).
S sites mediate the activation and repression functions of the Notch-
regulated transcription factor Su(H), while P sites mediate activation
by proneural proteins. In Drosophila, Notch targets known to employ
this code include bHLH repressor genes of the Hes class, as well as Brd
family genes (Bailey and Posakony, 1995; Lai et al., 2000; Lecourtois
and Schweisguth, 1995; Nellesen et al., 1999). The number and loca-
tion of S and P motifs vary greatly from one target gene to another
(Nellesen et al., 1999).
A subset of Notch target genes that use the “P+S” code is charac-
terized by the presence of a special motif called the Su(H) Paired Site
or SPS, which consists of two high-afﬁnity Su(H) binding sites in op-
posite orientations, separated by 15–17 bp (Bailey and Posakony,
1995; Nellesen et al., 1999). This distinctive element is often accom-
panied by one or more single, or “lone”, Su(H) sites.
Examination of the upstream regulatory regions of orthologous
Hes bHLH repressor and Brd family genes in various arthropods re-
veals in each case the apparent long-term conservation of a particular
P+SPS motif combination (Fig. 3; highlighted in red). In the case of
the Hes genes, the SPS, which occurs at various locations with respect
to the transcription start site, is closely ﬂanked on the upstream side
by an “upper strand” P site (Fig. 3A). Brd family genes, by contrast, are
associated with an SPS (again at various distances upstream) accom-
panied by a “lower strand” P motif located closer to the transcription
start site (Fig. 3B). BFMs are also characterized [except in Drosophila
and other Brachyceran ﬂies, such as the tsetse ﬂy Glossina morsitans
(not shown)] by the presence, upstream of the SPS, of an extended “E
box” motif (RRCAGATGGY) that we have found by in vitro assays to
be a variant proneural protein binding site (S.W. Miller, unpublished).
Note that, in both Hes and Brd family genes, additional “lone” Su(H)
sites and/or P sites may also be present, but these are not widely con-
served, if at all. At a minimum, though, the distinctive P+SPS or E+
SPS+P combination is present (e.g., Ap bHLHR-1, Ag BFM).
We suggest that these observations reﬂect the evolutionary conser-
vation, over more than 400 My, of a speciﬁc P+SPS or E+SPS+P cis-
regulatory architecture that was present in the common ancestors of
these genes. This interpretation is strengthened by the fact that in
most species we can clearly establish orthology between the genes we
are comparing. Both the bHLH repressor and Brd family genes shown
in Fig. 3 typically occupy the same positions in the respective Enhancer
of split gene complexes [E(spl)-Cs] of these species; moreover, Bayesian
phylogenetic analysis fully supports the orthology of the Hes genes
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A
Fig. 2. The Downstream Element (DE) contributes to activation of a brk enhancer module in Drosophila. A: Diagram of the 0.8-kb “7/8/9”module from upstream of Dm brk (Yao et al.,
2008). This fragment (bounded by red boxes) contains three SEs (“S”; the seventh, eighth, and ninth upstream of the transcription start site) plus the DE (“D”) that accompanies the
middle SE (#8; see Figs. 1A, C). Wild-type (brk789wt) and DE-mutant (brk789DEm) versions of the fragment are shown. B–H: Expression in late third-instar imaginal disc tissue of
GFP reporters driven by either the wild-type (B–E; four independent transgene insertions) or the DE-mutant (F–H; three independent transgene insertions) version of the 7/8/9
module (see A). All transgenes are present in one copy, inserted into the attP2 docking site (see Materials and methods). Mutation of the DE results in severe reduction of the
GFP reporter signal.
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complexity, we cannot argue strongly for or against the conservation of
the P and E sites that we have indicated as part of the shared architec-
tures (see, however, Fig. S2), butwe suggest that the highly constrained
SPS is much more likely to have been conserved than repeatedly
evolved anew.
Brd family genes have not been found in deuterostomes, but Hes
repressor genes are widespread among metazoans, being present
even in the placozoan Trichoplax adherens (see Discussion and
Fig. 6). As in the arthropods, we ﬁnd that an orthologous set of
these Notch-regulated genes is associated in deuterostomes with
the presence of three speciﬁc upstream cis-regulatory motifs
(Fig. 4A; highlighted in red). First, an SPS element is found immedi-
ately upstream of the transcription start site. Next, at various dis-
tances upstream of the SPS, a predicted high-afﬁnity binding site for
bHLH repressors themselves (an “R” site) occurs. Finally, yet further
upstream but often near the R site is a novel motif we refer to as the X
element (XE) (Figs. 4B, C). As in the case of arthropod Hes repressor
and Brd family genes, additional Su(H) lone sites may be present, but
they do not show long-term conservation.
A number of lines of evidence support the interpretation that this
shared cis-regulatory motif conﬁguration upstream of deuterostome
Hes repressor genes reﬂects long-term evolutionary conservation of
an ancestral architecture. First, the genes themselves are generally
unambiguous orthologs, so direct comparison of their putative regu-
latory motifs is valid and informative. Second, the nearly identical po-
sitioning of the SPS motif with respect to the transcription start sites
of these genes is strongly suggestive of conservation. The frequent
proximity of the X and R sites, as well as the common sequential
order of the three motifs (X, R, SPS) is likewise consistent with this
interpretation. Finally, strong conservation of the sequences of thevarious motifs, and even their ﬂanking sequences, clearly suggests
that the individual elements are orthologous. Thus, the various R sites
denoted in Fig. 4A are identical in 10/10 positions (GGCACGTGCT), de-
spite the fact that several variants of this motif are compatible with
high-afﬁnity binding by Hes repressor proteins (Jennings et al., 1999;
Rebeiz et al., 2005; Van Doren et al., 1994). Evenmore strikingly, we ob-
serve strong sequence identity of the SPS elements and ﬂanking se-
quences in various deuterostomes (Fig. 4D).
Conservation of “P+SPS” cis-regulatory function in Diptera
The foregoing analysis establishes the long-term evolutionary
conservation of particular “P+SPS” motif combinations associated
with Notch pathway target genes in arthropods. To investigate
whether the functional properties of this cis-regulatory architecture
are likewise conserved, we tested the behavior of a 1.0-kb non-
coding DNA fragment from upstream of the A. gambiae (Ag) BFM
gene (Schlatter and Maier, 2005) in a reporter assay in transgenic
Drosophila (Fig. 5). As shown and described above, this region con-
tains only a single P site and an SPS (Fig. 5A). When placed upstream
of a minimal Hsp70 promoter and an eGFP reporter gene in the
pH-Stinger vector (Barolo et al., 2004), this fragment successfully reca-
pitulates the speciﬁcity of previously studied Notch-regulated cis-
regulatory modules from Drosophila BFM genes (Bailey and Posakony,
1995; Castro et al., 2005; Lai et al., 2000); i.e., it directs expression selec-
tively in the non-SOP cells of proneural clusters (Figs. 5B–D). As in the
case of theDrosophila enhancers, this expression is dependent on the in-
tegrity of the lone P site, since reporter gene expression is virtually abol-
ished when this motif is mutated (Pm; Fig. 5E). Also mimicking the ﬂy
enhancers, two major effects are observed when the two Su(H) sites
in the Ag BFM fragment's SPS are mutated: expression in non-SOP
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Fig. 3. Evolutionary conservation of “P+SPS” motif combinations upstream of orthologous arthropod Hes bHLH repressor and Brd family genes. A: Diagrams of orthologous Hes-
class bHLH repressor genes located in the E(spl)-C of various insect species; these belong to the “E(spl)-C bHLH-1” clade described by Duncan and Dearden (2010), and are
labeled here as “bHLHR-1” for clarity. B: Diagrams of orthologous Brd family genes located in the E(spl)-C of various arthropod species. Blue boxes represent protein coding
sequences; white boxes represent untranslated regions (UTRs). Arrows denote direction of transcription and are positioned at the transcription start site of the gene (or at the
start codon in the case ofMd and Rp genes). Genes are aligned on the start codon. High-afﬁnity Su(H) binding sites (YGTGDGAA) are indicated by “U”; Achaete/Scute-type proneural
protein binding sites (RCAGSTG) are denoted by “P”; an extended E box motif identiﬁed by MEME (RRCAGATGGY) upstream of Brd family genes (see B) is represented by “E”. Con-
served P+SPS (A) and E+SPS+P (B) motif combinations are shown in red. In B, note the absence of the E motif in Dm m4 (and in the ortholog in other Brachyceran ﬂies), and its
presence on the “upper” instead of the “lower” strand in Am BFM (and in the ortholog in other Hymenopterans). Lower-case “u” in the SPS upstream of Phc bHLHR-1 (see A) denotes
single-base mismatch to the U motif deﬁnition (CATGGGAA); Su(H) binds this site with somewhat reduced afﬁnity (Nellesen et al., 1999). B, G, and K symbols in 3′ UTRs represent
Brd box, GY box, and K box miRNA binding motifs (2005; Lai and Posakony, 1997, Lai et al., 1998). Species symbols are listed in the legend to Fig. 1A, exceptMd,Mayetiola destructor
(Diptera); Phc, Pediculus humanus corporis (Phthiraptera); Dp, Daphnia pulex (Crustacea). Sequence scale is shown in upper left corner of each panel.
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tropicalis (Chordata; Amphibia); Dr, Danio rerio (Chordata; Actinopteryggii); Gg, Gallus gallus (Chordata; Aves); Sp, Strongylocentrotus purpuratus (Echinodermata; Echinoidea); Sk,
Saccoglossus kowalevskii (Hemichordata; Enteropneusta); Bf, Branchiostoma ﬂoridae (Cephalochordata). The Bf genome has undergone a large paralogous expansion of the Hes
repressor gene family (Minguillon et al., 2003); the hairyD gene is shown here. Sequence scale is shown in upper left corner. B: Sequence alignment of the novel “X Element”
motif upstream of deuterostome Hes1 genes; strictly conserved nucleotides are shown in bold. Note the 18/18 sequence identity between Hs and Bf (underlined). As shown,
Sp has a strong partial match to this motif in the corresponding location (see A); note that the missing component GTTTTC occurs a short distance upstream. Species symbols as
in A. C: Logo plot corresponding to the XE motif alignment shown in B (Sp omitted). D: Sequence alignment of the Hes1 SPS motif and ﬂanking regions from Hs, Xt, Dr, Sk, and
Bf, suggesting orthology between these elements in deuterostomes. Su(H)/CBF1 binding sites comprising the SPS are shown in bold; vertical bars indicate sequence identity.
Note exceptionally strong sequence conservation between mammals, amphibians, and ﬁsh. Sequences of the two 8-bp Su(H)/CBF1 binding sites are strictly conserved in all
seven species (not shown; see A). Species symbols as in A.
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Fig. 5. Conservation of the regulatory activity of the SPS+P motif combination between Anopheles and Drosophila. A: Diagram of the lone member of the Brd gene family (BFM) in
the mosquito Anopheles gambiae (Ag); shown also in Fig. 3B. The indicated upstream region (1.0 kb), which includes the conserved SPS+P motif combination, was tested for en-
hancer activity using a GFP reporter transgene in Drosophila (Ag BFM-GFP). The two Su(H) binding sites in the SPS are indicated by “U”; the lone proneural protein binding site is
labeled “P”. B–I: Images of pupal thoraces at 14 hours APF, centered on the midline; anterior is toward the top. GFP expressed by reporter transgenes is shown in green in B, D, E, F,
H, and I. B: The wild-type Ag BFM upstream fragment drives reporter gene expression in the twomicrochaete “proneural rows” ﬂanking the thoracic midline. Note “holes” in the GFP
pattern. C, G: Microchaete SOPs are labeled with anti-Hindsight (Hnt) antibody (magenta). D: Merge of B and C, showing exclusion of reporter activity from SOPs. E: Mutation of the
lone P site in the enhancer (Ag BFM-Pm-GFP) extinguishes expression. F: Mutation of the two Su(H) binding sites in the SPS (Ag BFM-Um-GFP) reduces expression in the non-SOPs of
the proneural rows. H: Merge of F and G reveals ectopic expression of Ag BFM-Um-GFP in SOPs (white arrows). I: Both residual non-SOP and ectopic SOP expression displayed by Ag
BFM-Um-GFP (see F, H) is dependent on the lone P site, as shown by the lack of activity of the triple-mutant construct Ag BFM-UmPm-GFP.
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Figs. 5F–H). Finally, the ectopic SOP activity of the Um fragment is
fully dependent on the P site, as this expression (alongwith the residual
non-SOP expression) is lost in the UmPm triple site mutant (Fig. 5I).
We conclude that the Ag BFM non-coding DNA fragment, bearing a
single P site and a single SPS, does indeed encompass an enhancer
module that exhibits all of the key regulatory properties of similar
modules from both BFM and Hes Notch pathway target genes in
Drosophila (Castro et al., 2005): it directs expression speciﬁcally in
non-SOP cells of proneural clusters; it requires activating inputs
from both proneural proteins and Su(H); and it mediates “default re-
pression” by Su(H) in SOP cells. Thus, not only has the core “P+SPS”
architecture of the module been conserved for the ~235 My separat-
ing the ﬂy and the mosquito, but so have its function and cis-
regulatory logic.
Discussion
Deep origin and long-term evolutionary conservation of speciﬁc
cis-regulatory motifs in developmental control genes
We have previously described the phylogenetically widespread oc-
currence of single, high-afﬁnity bHLH repressor (R) binding sites up-
stream of bilaterian proneural genes (Rebeiz et al., 2005). We noted
that we could not rule out the possibility that only the “linkage” (direct
transcription factor-target gene relationship) has beenmaintained, and
that the binding site itself has been replaced repeatedly in the course of
animal evolution. However, we pointed to several lines of evidence sug-
gesting that these R sites have been conserved from a deep common an-
cestor. These included the stability of the precise 10-bp sequence of the
site over very long intervals, and the strong conservation of both the
motif and ﬂanking sequences in some instances, clearly suggesting
that the sites are indeed orthologous.
The present report substantially expands the inventory of such ap-
parently ancient and conserved cis-regulatory motifs in developmentalcontrol genes. We have described here ﬁve additional cases in which
speciﬁc motif combinations have evidently been retained over hun-
dreds of millions of years of evolution. With the exception of two
novel elements (the insect brk DE and the deuterostome Hes XE),
these motifs represent high-afﬁnity binding sites for known transcrip-
tion factors. The retention of these speciﬁc motif instances is especially
striking when considered against the background of rapid appearance
and disappearance of other binding sites for the same factors
(Figs. 1A, 3A–B, 4A, S3B).
The conservation of the distinctive SE+DE motif combination up-
stream of insect brk genes extends over perhaps 270–300 My, reﬂect-
ing the fact that the brk gene itself is found only in insects (Copley,
2008). A similar (minimum) age can be assigned to the P+SPS
architecture found upstream of insect bHLH repressor genes, while
the E+SPS+P combination associated with arthropod BFM genes is
even older, in excess of 400 My, in view of its occurrence in the crus-
tacean D. pulex. Finally, it is likely that the X+R+SPS ensemble up-
stream of deuterostome Hes1 genes was present in the common
ancestor, over 500 My ago. It is also possible that an SPS element
was associated with an ancestral bilaterian Hes repressor gene,
which would make this feature close to 600 My old.
Our analyses do not permit us to discern the population genetic/
microevolutionary processes by which the distinctive cis-regulatory
architectures we describe ﬁrst arose and became ﬁxed in an ancestral
population (Lynch, 2007). However, we believe we can offer some
useful insights into why these architectures have endured over such
lengthy timescales.
Distinctive regulatory capabilities mediated by deeply conserved
cis-regulatory motifs
What characteristics of ancient and conserved motifs drive their
long-term preservation by selection, even as other binding sites for
the same factors come and go rapidly in evolution? We ﬁrst reiterate
our earlier proposal that such deeply conserved motifs mediate
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or most members of an ancient clade (Rebeiz et al., 2005). It is cer-
tainly plausible that, once established, the capacity to repress brk
transcription in response to a Dpp signal remained of great utility to
all the descendants of the common insect ancestor, as diverse as
they became. Similarly, the abstract ability to activate a Hes repressor
gene via Notch signaling would remain of exceptional utility to de-
scendants of a bilaterian (or earlier) ancestor that had evolved it. Fi-
nally, a generic capability for autorepression of a Hes bHLH
repressor gene (Brend and Holley, 2009; Hirata et al., 2002; Lewis,
2003) might very well be retained by descendants of a deuterostome
ancestor.
But it is certainly sensible to argue that, to retain such abstract and
valuable regulatory capabilities, itwould sufﬁce to preserve only the link-
age between the appropriate transcription factors and their targets. In
this view, individual factor-binding motifs need not be retained; they
would be free to turn over during evolution. However, the examples
we have described here suggest a second important reason for the
long-term evolutionary retention of particular motifs or motif combina-
tions. We propose that these conserved sequence elements mediate a
distinctive regulatory capability not conferred by other instances of the
samemotif ormotifs. In the case of the SPS element, we can be quite con-
ﬁdent that this perspective is correct. The SPS has been shown tomediate
cooperative binding of two Su(H)/Mam/NICD trimers, thus conferring on
the associated target gene unusually high sensitivity to Notch signaling
(Arnett et al., 2010; Nam et al., 2007). While two “lone” Su(H) sites are
indeed able to contribute to a target gene's response to activated Notch,
they would not do so in a cooperative manner. In a similar vein, it
seems plausible to suggest that while all SE motifs may be able to partic-
ipate in signal-dependent repression of brk, the SE+DE combination of-
fers a unique and valuable version of this capability (e.g., greater signal
sensitivity), possibly conferring a ﬁtness advantage. We hypothesize
that in both cases, once the specialized motif architecture (SPS or SE+
DE) had evolved to confer a distinctive capacity, it would be selectively1000 bp
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et al., 2007; Srivastava et al., 2010). The placozoan Trichoplax adhaerens (Ta) has one Hey orth
cnidarian Nematostella vectensis (Nv) has 11 Hes genes (Putnam et al., 2007); a representati
one Hey ortholog (shown) and one Hey-related gene (not shown). Note conservation of ex
occur in the proximal upstream regions of all of these genes, but no SPSs are found. Signiﬁc
logous gene of the distantly related anthozoan Acropora digitifera (stony coral) (see Fig. S3retained in evolution. As we have seen, other instances of the SE or
Su(H) binding motifs do arise and become ﬁxed in individual clades,
but these would not be expected to exhibit the same durability, since
(according to the hypothesis) they confer no unique capability. The fore-
going interpretation is particularly supported, we believe, by the frequent
observation that if only one element mediating a particular response
[either SE or Su(H) site] is present upstream of an orthologous gene in a
given species, it is of the “special” type (SE+DEor SPS). Examples include
the SE+DE combination in T. castaneum brk and the SPS motifs in the
A. gambiae bHLHR1 gene, the A. mellifera BFM gene, and H. sapiens HES1.
Another factor that may contribute to the long-term evolutionary
conservation of the specialized motif architectures we have consid-
ered is their very complexity. Both the SE+DE unit and the SPS rep-
resent unusually extended and constrained motif combinations.
While in principle this does not prevent them from turning over by
duplication/degeneration, they are unlikely to evolve de novo.
Finally, we note an intriguing feature of the conserved motif archi-
tectures described here that involve the SPS: the apparently conserved
order and even orientation of the individual sequence elements. The ar-
thropod BFM genes are associated with a “lower-strand” E motif fol-
lowed by an SPS followed by a “lower-strand” P site; insect Hes
repressor genes bear an “upper-strand” P site followed by an SPS; and
deuterostome Hes1 genes have an “upper-strand” X site followed by
an “upper-strand” R site followed by an SPS, which also has ﬁxed orien-
tation. Inter-site distances are often not conserved; consider the varying
separation of the SPS and the P site in the BFM genes, or the different
distances between the X+R combination and the SPS in the deutero-
stome Hes1 genes. Evidently, the motif order and orientation of these
architectures have functional signiﬁcance, consistent with an “enhan-
ceosome” model for the structure of these regions (Arnosti and
Kulkarni, 2005). Alternatively, these features may suggest the existence
of a “scanning”mechanism for optimal enhancer-promoter interaction.
Such a property might be a particular characteristic of promoter-
proximal cis-regulatory modules such as these, as contrasted withancient. Shown are diagrams of Hey and Hes genes in three non-bilaterians. Blue boxes
note direction of transcription and are positioned at either the transcription start site or
sites (YGTGDGAA) are indicated by “U”; Achaete/Scute-type proneural protein binding
sponge Amphimedon queenslandica (Amq) has a Hey gene, but no Hes genes (Simionato
olog, one Hey-related gene (not shown), and one Hes gene (Srivastava et al., 2008). The
ve example is shown [this corresponds to Nem52 (Simionato et al., 2007)]. Nv also has
on-intron structure between Hey and Hes genes, respectively. High-afﬁnity Su(H) sites
antly, the three-Su(H)-site conﬁguration shown for Nv Hes1 is conserved in the ortho-
).
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by “looping” may impose fewer architectural constraints.
Evolution and conservation of distinctive developmental regulatory
capabilities
We have proposed here that the distinctive cis-regulatory archi-
tectures we describe are ancient ones that have been conserved
from a deep ancestor. However, it also seems likely that, because of
their very complexity, they may not represent the “original” version
of their respective regulatory linkages. We believe that these two re-
alizations can be reconciled via the following general evolutionary
scenario.
The direct linkage of an ancestral Hes gene to Su(H) and the Notch
pathway evidently originated in a deep metazoan ancestor, and was
very likely mediated by a lone Su(H) binding site or sites. The genome
of the demosponge A. queenslandica includes onemember of the closely
related Hey repressor family, but no Hes genes (Simionato et al., 2007;
Srivastava et al., 2010); this Amphimedon Hey gene has one high-
afﬁnity Su(H) site 600 bp upstream of the transcription start site
(Fig. 6). The placozoan T. adhaerens has one Hey ortholog, one Hey-
related gene, and one Hes gene (Srivastava et al., 2008). The Hey ortho-
log has three high-afﬁnity Su(H) sites in theﬁrst 800 bpupstreamof the
ATG start codon, while the Hes gene includes a single such site within
500 bp of its ATG (Fig. 6). The genome of the cnidarian N. vectensis
(sea anemone) is endowed with a large paralogous family of 11 Hes
genes (Putnam et al., 2007; Simionato et al., 2007), many of them
with multiple lone Su(H) sites immediately upstream (Fig. 6; see
also Fig. S3). Likewise, the Nematostella Hey ortholog has two upstream
Su(H) sites. The SPS evidently did not appear upstream of a Hey/Hes
gene until after the cnidarian–bilaterian divergence, but as we have
seen, this association is now widespread among both protostomes
and deuterostomes.
We suggest, then, that what appeared ﬁrst was the simple capac-
ity to regulate a Hey/Hes gene directly by Su(H) (presumably linked
to the Notch pathway), via one or more lone Su(H) binding sites.
Then, in a bilaterian ancestor, an SPS came into being upstream of
an individual Hes gene, making possible a cooperative and thus highly
sensitive response to Notch-activated Su(H). Once this novel regula-
tory capacity was established, it bestowed a sufﬁcient selective ad-
vantage to ensure its subsequent retention in a wide variety of
bilaterian taxa. Such a scenario can account for the phylogenetic dis-
tribution of the SPS-containing cis-regulatory architectures we have
described. We cannot, however, rule out more complex histories, in-
cluding the possibility that the SPS arose independently more than
once in association with Hes genes.
Duplication–divergence of developmental control genes and their
cis-regulatory architectures
It is important to note our ﬁnding that, in the case of target genes
that are part of paralogous families (Hes repressor and BFMs), only
one particular paralog in a given species is typically associated with
the conserved motif architectures we have described. This is true
even if other paralogs make use of the same overall cis-regulatory
“code” (combination of transcription factor binding sites) to direct a
similar expression speciﬁcity. For example, of the seven unambiguous
Hes repressor paralogs in H. sapiens (Simionato et al., 2007), only
HES1 bears the X+R+SPS motif combination, though four others
have upstream S sites and two of these also have upstream R sites.
Likewise, the D. melanogaster genome includes nine BFM genes
(Lai et al., 2000), most of which employ the S+P code, but only
one, E(spl)m4, is associated with an SPS+P combination (Bailey
and Posakony, 1995; Singson et al., 1994). It seems likely that, while
the distinctive regulatory capability conferred by an ancient andconserved motif combination is of long-term selective value, it suf-
ﬁces for a single paralog in the genome to retain it.
This observation is consistent with a duplication–divergence
model for the evolution of Hes and BFM paralogs. The special cis-
regulatory architectures we have described, along with the associated
protein coding sequences, comprise functional units that have been
conserved from deep common ancestors because (we propose) of
the unique regulatory capabilities they confer. Paralogous genes that
arise by duplication within various taxa (this is a widespread phe-
nomenon in the case of Hes genes) would not be subject to the
same stringent constraints on their cis-regulatory architecture, since
the ancestral gene would be present to provide the distinctive capabil-
ities. The paralogs would thus be free to evolve their cis-regulatory mo-
tifs according to other selective pressures or genetic drift (Brown et al.,
2007), yielding the many variations on a basic theme (e.g., S+P) that
we observe within a single species today.Acknowledgments
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